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Abstract. Domestic animals in the household environment have the potential to affect a child’s carriage of zoonotic
enteric pathogens and risk of diarrhea. This study examines the risk factors associated with pediatric diarrhea and
carriage of zoonotic enteric pathogens among children living in communities where smallholder livestock production is
prevalent. We conducted an observational study of children younger than 5 years that included the analysis of child (n =
306) and animal (n = 480) fecal samples for Campylobacter spp., atypical enteropathogenic Escherichia coli, Shiga
toxin–producingE. coli,Salmonella spp.,Yersinia spp.,Cryptosporidiumparvum, andGiardia lamblia. Among these seven
pathogens, Giardia was the most commonly identified pathogen among children and animals in the same household,
most of which was found in child–dog pairs. Campylobacter spp. was also relatively common within households, par-
ticularly amongchild–chicken andchild–guineapigpairs.Weusedmultivariable Poisson regressionmodels to assess risk
factors associated with a child being positive for at least one zoonotic enteric pathogen or having diarrhea during the last
week. Children who interacted with domestic animals—a behavior reported by nearly three-quarters of households
owning animals—were at an increased risk of colonization with at least one zoonotic enteric pathogen (prevalence ratio
[PR] = 1.56, 95% CI: 1.00–2.42). The risk of diarrhea in the last seven days was elevated but not statistically significant
(PR = 2.27, CI: 0.91, 5.67). Interventions that aim to reduce pediatric exposures to enteric pathogens will likely need to be
incorporated with approaches that remove animal fecal contamination from the domestic environment and encourage
behavior change aimed at reducing children’s contact with animal feces through diverse exposure pathways.
INTRODUCTION
Diarrheal disease morbidity in children remains remarkably
high in low- and middle-income countries (LMICs), despite
significant prevention efforts aimed at improving water, sani-
tation, and hygiene (WASH) conditions.1,2 In the Americas, it is
estimated that eachchildyounger than5yearsexperiences four
episodes of diarrhea per year, and diarrhea remains a leading
cause of mortality among children in LMICs.1 There is also a
growingbodyofevidence that enteric infections,manyofwhich
are asymptomatic, can detrimentally affect growth and ab-
sorption of nutrients in children.3 Recent controlled trials that
haveaimed to reduce fecal exposures through improvedWASH
have not had the expected impact,4–6 and research suggests
that fecal matter from domestic animals could be an important
component missing from these interventions.7–11
In the United States, researchers have estimated that 14%
of enteric infections are attributable to direct contact with
animals.12 In LMICs, there is evidence that human exposures
to zoonotic enteropathogens, especially among children, are
potentially more important, given that many people live in
close contact with domestic animals.13,14 Studies have
demonstrated that fecal contamination associated with ani-
mals in the household environment is an important risk factor
for diarrhea andmarkers of environmental enteric dysfunction
in children.15,16 In addition, the presence of livestock and
poultry in the household environment contributes to more
frequent human–animal interactions that can increase zoo-
notic infectious disease risks.7
There are many exposure pathways associated with do-
mestic animals. One potential pathway is geophagy, a com-
mon behavior in young children wherein the soil consumed is
often found to be contaminated with animal feces.7,15,16 Re-
cent research has identified geophagy and chicken ownership
as risk factors associated with environmental enteric dys-
function and child stunting.15–17 Researchers in India identi-
fied livestock and domestic animals as sources of fecal
contamination of drinking water.18 There is the potential that
exposures to zoonotic enteropathogens could grow in tan-
dem with the concomitant increase in small-scale livestock
production in LMICs, which is often promoted as a devel-
opment strategy to improve nutrition and alleviate
poverty.19,20 Understanding the risk factors associated with
domestic animals is increasingly important because of the
magnitude and growth of smallholder livestock and poultry
production.21
There is evidence that domestic animals can carry zoonotic
enteric pathogens that have the potential to cause diarrhea in
humans, includingCampylobacter spp., Shiga toxin–producing
Escherichia coli (STEC) Salmonella spp., Yersinia spp., Cryp-
tosporidiumparvum, andGiardia lamblia.17,22–26Whichof these
pathogens are important contributors to human disease likely
depends on the setting. For example, many zoonotic enter-
opathogens of high relevance in high-incomecountries are less
important in LMICs.27 Outbreaks of non-typhi Salmonella and
enterohemorrhagic E. coli involving large numbers of cases
and/or disease severity have brought a lot of attention to these
organisms in high-income countries.28 Similarly, Campylo-
bacter jejuni is a frequent gastrointestinal bacterial pathogen in
humans in industrialized countries.29 Other zoonotic enteric
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pathogens such as atypical enteropathogenic E. coli (aEPEC)
have been less investigated.30,31
Within LMICs, the presence of zoonotic enteric pathogens
in the household environment is likely a function of which
animal species are present, the diet of the household mem-
bers, andWASH conditions of the animals.22 There remains a
poor understanding of the significance of animal fecal con-
tamination in domestic spaces,32 andmany of the studies that
assessed zoonotic enteric infections typically focused on one
zoonotic enteric pathogen.33–36
In this study, we characterized the carriage of zoonotic
enteric pathogens among children and domestic animals and
tested the hypothesis that domestic animal ownership is as-
sociated with carriage of one or more zoonotic enteric path-
ogens by children. We also tested the hypothesis that
domestic animal ownership is associated with self-reported
diarrhea in at least one household member.
MATERIALS AND METHODS
Study design and setting. This study was conducted in
Yaruquı´, a semirural parish outside Quito, Ecuador, with ap-
proximately 22,000 residents. Economic activities in the parish
include flower and strawberry production, large-scale poultry,
and smallholder livestock production that primarily includes
poultry, pigs, guinea pigs, and cows. Yaruquı´ consists of one
urban neighborhood, El Centro, surrounded by approximately
21 rural neighborhoodswhere smallholder livestock production
is common. We selected four neighborhoods to study in addi-
tion to El Centro, each with varying degrees of domestic animal
ownership. These neighborhoods were selected based on a
priori knowledgeof population size anddensity and the amount
of home-animal production. Within each neighborhood, we
went door-to-door to identify all households that had at least
one child younger than 5 years. From this population
of households, we then recruited at random a total of 341
households to participate in the study using a convenience
sampling strategy. The study population consisted of 125
households in El Centro, 65 households in Oto´n de Velez, 70
households in Chinangachi, 41 households in San Vicente, and
40 households in El Tejar. All recruitment and data collection
occurred during the dry season (May–August) in 2014 (Oto´n de
Velez), 2015 (Chinangachi and thenorthernhalf of ElCentro), and
2016 (San Vicente, El Tejar, and the southern half of El Centro).
Household survey. A survey was administered to the
youngest child’s primary caretaker in each of the households
enrolled in the study. The survey collected information about
household demographics (e.g., gender of the child, household
size, and educational attainment of the primary caretaker),
characteristics of the home environment, and hygiene prac-
tices.37 Questions related to the home environment included
information on crowding, housing structure, floor material,
type of toilet, type of drinking water supply, water treatment,
fecal management, and availability of a designated place for
handwashing. Using a series of questions related to house-
hold assets (e.g., presence of a television and functioning car),
we developed an asset index to assess the relative socio-
economic position of each household.38 The survey also in-
cluded amodule of questions related to animal ownership and
animal husbandry. Specifically, we collected information on
the species and the number of animals owned, animal man-
agement practices (e.g., use of antibiotics and animal fecal
waste management), and the youngest child’s interactions
with animals. We also gathered dietary information related to
preparation practices and the child’s consumption of food-
animal products (e.g., eggs and milk) within the last one week
before the child’s feces were tested. Finally, we asked about
the prevalence of diarrhea (defined as ³ 3 loose or liquid stools
in a 24-hour period or any stool with blood) for the youngest
child in the previous seven days.39 Surveyswere administered
by a trained local field enumerator in the local language
(Spanish).
Stool collection and analysis.We collected stool samples
from children and domestic animals in cases where the survey
respondent reported thepresenceof animals currently living on
the property. For domestic animals, fecal samples were col-
lected either directly from the rectus (dogs, cats, and sheep) or
from pooled fecal matter when animals were maintained in
enclosures (pigs, chickens, and cows) or cages (guinea pigs,
rabbits, and quails). Once collected, the stool samples were
placed immediately in a cooler on ice for transportation to the
laboratory. All bacterial culturing and sample preservation be-
gan less than 8 hours after collection. Fecal samples were an-
alyzed for seven zoonotic enteropathogens: Campylobacter
spp., aEPEC, STEC,Salmonella spp.,Yersinia spp.,C. parvum,
and G. lamblia.
Pathotypes ofE. coliwere obtained by culturing samples on
MacConkey lactose agar (Difco, Sparks, MD) (at 37C for 18
hours). Lactose-fermenting colonies were plated in Chromo-
cult® Coliform agar (Merck KGaA, Darmstadt, Germany) to
identify the ß-D-glucuronidase activity. A random sample of
five lactose-positive isolates were pooled, suspended in
300 μL of sterile distilled water, and boiled for 10 minutes to
release the DNA. The resulting supernatant was used for po-
lymerase chain reaction (PCR) to identify eae and bfpA genes
for aEPEC,40,41 and stx-1 and stx-2 for STEC, as previously
described.42
To isolate Yersinia spp., the samples were pre-enriched in
PBS 1× for 21 days at 4C and cultured in cefsulodin–
irgasan–novobiocin agar (at 28C for 24 and 48 hours) (Oxoid
Ltd., Basingstoke, Hampshire, England). Suggestive colonies
were confirmed with oxidase (Bactident Oxidase, Merck) and
RapiD-20E tests (bio Merieux, Marcy I’Etolie, France).
To recover Salmonella spp., samples were pre-enriched in
selenite broth (at 37C for 18 hours) and cultured in xylose–
lysine–deoxycholate agar (Difco) (at 37C for 18 hours). Sug-
gestive colonies were subjected to RapiD-20E tests (bio
Merieux). The identification of serovars was performed by
amplifying 10 pairs of primers for multiplex PCR in two sepa-
rate reactionsS. enterica serovar Typhimurium LT2 (STM) and
S. enterica serovar Typhi CT18 (STY) previously described43
with modifications. The STM amplification was performed in
10 μL reaction mixture with 1.4× PCR buffer, 2 mM MgCl2,
0.2 mm dNTPs, 0.3 μM of each primer (STM1, STM2, STM3,
STM4, and STM5), 0.75 U GoTaq polymerase, and 1 μL of
DNA (∼10 ng/μL). Furthermore, the STY amplification reaction
was performed in a final volume of 10 μL with 1.6× reaction
buffer; 2mMMgCl2; 0.2mmdNTPs; 0.08μMof primersSTY1,
STY2, andSTM6; 0.3 μMprimer STY3; 0.1 μMof primer STY4;
0.75 U GoTaq polymerase; and 1 μL of DNA. Both reactions
used the same amplification program with an initial de-
naturation at 94C for 5minutes, followedby 40cycles of 94C
for 30 seconds, 62C for 30 seconds, and 72C for 1 minute,
ending with a final extension at 72C for 5 minutes.
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Electrophoresis conditions for displaying the results of STM
and STY are gel with 2.5% agarose for 2 hours at 80 V with
ethidium bromide staining.
To investigate thermophilic Campylobacter spp., samples
wereculturedonCampylobacteragarwith5%lysedhorseblood
and modified Preston Campylobacter Selective Supplement
(Oxoid Ltd.) and incubated at 42C during 48 hours in micro-
aerobic conditions using CampyGen CO2 (Oxoid Ltd.). The col-
onies were Gram-stained and tested for oxidase (Bactident
Oxidase, Merck). Campylobacter jejuni/coli were confirmed by
PCR of hippuricase and aspartokinase genes according to the
protocol developed by Persson and Olsen44 in 2005. Campylo-
bacter species not belonging to C. jejuni/coli were identified
through 16S rRNA gene sequencing in Functional Biosciences
(Madison, WI) (http://functionalbio.com/web), and sequences
were uploaded to GenBank (Accession numbers: KU362553-
KU362565þ). Giardia lamblia and C. parvum were detected
using ELISA (Ridascreen®Giardia, Ridascreen®Cryptosporid-
ium, r-Biopharm, Darmstadt, Germany).
Statistical analyses. The two primary outcomes included
whether a child tested positive for carrying one or more zoo-
notic enteropathogens and whether a child was reported to
have had diarrhea in the last 7 days. The overall infection
prevalence was calculated as the proportion of fecal samples
foundpositive for any of the seven zoonotic enteric pathogens
divided by the total number of samples tested. Diarrhea
prevalence in the last 7 days was defined similarly based on
responses to the household questionnaire. The main expo-
sure todomestic animalswasassessedusingabinary variable
that indicated whether or not a household reported having at
least one animal in or around their home. Among those who
reported having at least one animal, four additional exposures
were measured: 1) does the child regularly interact with the
animal(s), 2) does the child wash hands following contact with
animals, 3) does the child consume products derived from the
domestic animals raised on the property, and 4) do any ani-
mals defecate in spaces sharedwith the child.Weconstructed
binary exposure variables from each of these four additional
questionnaire items, hereafter referred to as “sub-exposures.”
To examine the intensity of sub-exposures in the household
environment, we also constructed two additional binary vari-
ables to indicate whether at least one (versus none) or more
than one (versus one or none) sub-exposure was reported.
We fit multivariable Poisson regression models with robust
error variances and the log link function to estimate prevalence
ratios (PRs) and 95%CIs. We estimated bivariate relationships
between the twooutcomesof interest andeachof the following
covariatesandpotential confounders selectedapriori basedon
the existing literature: child gender and age, caretaker educa-
tional attainment, householdwealth (in tertiles), household size,
neighborhood of residence, and presence of a family member
working in food-animal production. We selected variables with
significant associations in the bivariate analyses (P < 0.05) to
include as controls in the adjusted models. Using a more tra-
ditional threshold for variable inclusionofP<0.20 resulted in the
inclusionof twoadditional control variables in eachmodel, yet it
yielded nearly identical effect estimates; thus, we opted for the
more parsimonious version as our preferred models. All sta-
tistical analyses were conducted in STATA SE 15.1 (STATA
Corp., College Station, TX).
Ethics. The study protocol was approved by the Bioethics
Committee at Universidad San Francisco de Quito (#2014-
135M) and the George Washington University Committee on
the Human Research Institutional Review Board (IRB#101355),
as well as the Institutional Animal Care and Use Committee at
George Washington University (IACUC#A296).
RESULTS
Household characteristics. Table 1 describes the char-
acteristics of the 341 households enrolled in the study. Nearly
three-quarters of the primary child caretakers were between
18 and 35 years (73.4%), and almost all were women (94.1%).
Approximately two-thirds of households (60.8%) were made
up of four to six members, and 9.7% had more than seven
TABLE 1
Descriptive analysis of study households in Yaruqui, Ecuador
Characteristic n (%)
Age of primary caretaker (n = 335) (years)
Young (18–35) 246 (73.4)
Middle (36–55) 72 (21.5)
Older (56 or older) 17 (5.1)
Gender of primary caretaker (n = 341)
Female 321 (94.1)
Male 20 (5.9)
Household size (n = 339)
Small (1–3) 100 (29.5)
Middle (4–6) 206 (60.8)
Large (7 or more) 33 (9.7)
Education of primary caretaker (n = 334)
Primary education 133 (39.8)
Pre-secondary education 166 (49.7)
Secondary or higher 35 (10.5)
Neighborhood (n = 341)
El Centro (urban) 125 (36.7)
Oton de Velez (semirural) 65 (19.1)
Chinangachi (semirural) 70 (20.5)
San Vicente (semirural) 41(12.0)
El Tejar (semirural) 40 (11.7)
Household assets (n = 341)
Owns a functioning car 55 (16.1)
Has Internet access 62 (18.2)
Has satellite television 68 (19.9)
Owns land 131 (38.4)
Owns home 146 (42.8)
Reportedmonthly income (USD) (n=272)
0–100 155 (57.0)
101–200 105 (38.6)
201–300 7 (2.6)
> 300 5 (1.8)
Presence of flush toilet (n = 341) 333 (97.6)
A place for handwashing with soap and
water (n = 336)
335 (99.7)
Presence of animals (n = 341) 189 (55.4)
Dogs (range, 1–14) 164 (48.9)
Chickens (range, 1–500) 118 (34.6)
Guinea pigs (range, 1–100) 94 (27.6)
Pigs (range, 1–120) 75 (22.0)
Rabbits (range, 1–24) 51 (15.0)
Cats (range, 1–6) 48 (14.1)
Cows (range, 1–6) 23 (6.7)
Ducks (range, 1–12) 19 (5.6)
Other (includes geese, quail, sheep,
goats, horses, and turkeys)
26 (7.6)
Householdmemberworks in food-animal
production (n = 331)
22 (6.7)
Youngest child reported to have diarrhea
in last 7 days (n = 338)
30 (9.7)
Domestic animal positive for a zoonotic
enteric pathogen (n = 313)
107 (34.2)
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members.Nearly 90%of respondents reported having at least
a pre-secondary education, equivalent to completion of ele-
mentary school. Nearly one-third (36.7%) of the study pop-
ulation came from El Centro, the neighborhood that wasmore
urban and had fewer animals than the other neighborhoods.
About one-fifth of the population reported to have a working
car (16.1%), Internet in their home (18.2%), and satellite tele-
vision (19.9%), and larger proportions reported owning their
land (38.4%)and/or their home (42.8%).Water, sanitation, and
hygiene infrastructure, such as flush toilets and a place for
handwashing with soap and water, was present in nearly all
households.
Animal ownership and self-reported household health.
Among the 341 households surveyed, 189 (55.5%) reported
having at least one domestic animal (domestic pet, livestock,
or poultry) living on the immediate property. Dogs were the
most common animal species (nearly half of households re-
ported having at least one dog), and the number of dogs
owned ranged from one to 14, with a median of 2 dogs (data
not shown). Chickenswere the dominant food-animal present
in households (34.6%), followed by guinea pigs (27.6%), pigs
(22%), rabbits (15%), and cows (6.7%). A small percentage of
the respondents reported having ahouseholdmemberwork in
food-animal production (6.7%), either on farms or in pro-
cessing plants. Of the 189 households with animals, we were
able to obtain and analyze stool samples from at least one
animal in 178 households and tested a total of 480 unique
animals. Thirty children (10%) were reported to have had di-
arrhea within the previous 7 days.
Zoonotic enteric pathogen carriage among animals and
children. Table 2 presents pathogen carriage among ani-
mals (n = 480) and children (n = 306) from whom we were
able to obtain and analyze fecal samples. Among the 306
children in the sample, 112 (36.6%) carried at least one
zoonotic enteric pathogen, which represents around 33%
of all households included in the study. We found that 107
households with domestic animals (56.6%) owned an ani-
mal that carried at least one zoonotic enteric pathogen.
Among these animals, pigs had the highest prevalence of
carriage of one ormore zoonotic enteric pathogens (50.8%),
followed by dogs (45.5%) and chickens (44.7%). The
prevalence of carriage among the other common domestic
animals (rabbits, cats, cows, and ducks) was around one-
quarter for each species. We found that 41 of the 107
households (38.3%) in which at least one animal carried an
enteric pathogen also had an infected child. Table 2 shows
the animal–pathogen pairs for which there was also a child
who tested positive for that pathogen in the same house-
hold (marked by the ‡ symbol). The three pathogens for
which this occurred included Giardia, atypical EPEC, and
C. jejuni and/or Campylobacter coli. The number of
animal–child pairs for which this occurred is shown at the
bottom of Table 2.
Overall, the most common pathogen carried by children
wasGiardia, whichwas found in the stool samples of 20.3%of
children as well as in 28% of dogs, 19% of pigs, and 15% of
rabbits. Giardia was also the most common pathogen to be
carried by both animals and children in the same house-
hold—18of the 41positivewithin-household pairswere cases
in which Giardia was the shared pathogen, half of which were
cases with child–dog pairs. Atypical EPEC was identified in
12.5% of children and was also found in all species of do-
mestic animals except cats, although the prevalence was
generally low among the positive domestic animals
(2.4–15.0%). There were 11 instances in which an animal and
child both tested positive for this pathogen within the same
household. Elevenchildren (4.6%)were found tocarryC. jejuni
and/orC. coli, and all 11 of these cases existing in households
in which there was also an animal that tested positive for this
pathogen. Carriage prevalence for this pathogen was sub-
stantially higher in guinea pigs (39.3%), chickens (34.3%), and
pigs (29%). Overall carriage of STEC was low in this study: 16
children (5.3%) and three cows (17.7%) were positive for
STEC. Among all fecal samples collected, only one sample
from a pig was positive for Yersinia enterocolitica. Salmonella
spp. were found in three children (1.0%), 13 dogs (1.7%), and
two chickens (2.0%).
Domestic animal exposures and child zoonotic enteric
pathogen carriage. Table 3 presents estimated PRs and
95% CIs of the association between animal-related expo-
sures and child enteric pathogen carriage as estimated by
the unadjusted and adjusted generalized linear models. The
adjusted model includes controls for socioeconomic and
demographic variables that demonstrated a statistically
TABLE 2
Presence of zoonotic enteric pathogens in fecal samples from children and domestic animals in Ecuador
Zoonotic enteropathogen
Children
(n = 306), n (%)
Dogs
(n = 134), n (%)
Chickens
(n = 102), n (%)
Guinea pigs
(n = 84), n (%)
Pigs
(n = 62), n (%)
Rabbits
(n = 39), n (%)
Cats
(n = 21), n (%)
Cows
(n = 21), n (%)
Ducks
(n = 17), n (%)
³ 1 zoonotic enteric pathogen 112 (36.6) 61 (45.5) 46 (44.7) 37 (44.0) 32 (50.8) 11 (28.2) 5 (23.8) 6 (28.6) 4 (23.5)
C. jejuni/E. coli 11 (3.6) 10 (7.5) 35† (34.3) 33† (39.3) 18† (29.0) 2 (5.1) 4† (19.0) 2† (10.0) 2† (11.8)
aEPEC 38 (12.5) 13† (9.7) 9† (8.9) 2† (2.4) 6† (9.7) 2† (5.1) 0 (0) 3 (15.0) 1† (5.9)
Giardia 62 (20.3) 38† (28.4) 3† (2.9) 5† (6.0) 12† (19.1) 6† (15.4) 2 (9.5) 0 (0) 0 (0)
Cryptosporidium 13 (4.3) 3 (2.2) 3 (2.9) 2 (2.4) 3 (4.8) 1 (2.6) 2 (9.5) 0 (0) 1 (0)
STEC 16 (5.3) 1 (1.0) 1 (1.1) 1 (1.4) 0 (0) 0 (0) 0 (0) 3 (17.7) 0 (0)
Y. enterocolitica 0 (0) 0 (0) 0 (0) 0 (0) 1 (1.7) 0 (0) 0 (0) 0 (0) 0 (0)
Salmonella spp. 3 (1.0) 13 (9.7) 2 (2.0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Number of households with positive child–animal pairs
C. jejuni/E. coli 0 4 4 1 0 1 1 1
aEPEC 2 2 1 3 2 0 0 1
Giardia 9 1 1 3 4 0 0 0
C. jejuni = Campylobacter jejuni; E. coli = Escherichia coli; aEPEC = atypical enteropathogenic E. coli; STEC = Shiga toxin–producing E. coli; Y. enterocolitica = Yersinia enterocolitica. Data are
presented for animals only if therewere 15ormoreof that particular species. Fewer fecal sampleswere tested for STEC (dog,n=105; chicken,n=90; guineapig,n=73; pig,n=57; rabbit,n=31; cat,
n = 19; cow, n = 17; and duck, n = 14) and Y. enterocolitica (dog, n = 99; chicken, n = 83; guinea pig, n = 71; pig, n = 58; rabbit, n = 29; cat, n = 19; cow, n = 17; and duck, n = 13).
† Indicates the presence of animal–pathogen pairs for which there was at least one child with who tested positive for that pathogen in the same household. The number of within-household pairs
are presented in the second panel (i.e., there were nine cases in which a dog and child both tested positive for Giardia in the same household).
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significant relationship with child pathogen carriage in bi-
variate analyses: educational attainment of child caretaker
and neighborhood (see Supplemental Table 1). We do not
find overall animal ownership, which was reported by over
half (56%) of the households in the estimation sample, to be
a statistically significant risk factor for a child carrying a
zoonotic enteric pathogen (PR = 0.93; 95% CI: 0.65–1.32).
Over 80% of households reported at least one sub-
exposure, with the most common exposure being child-
ren’s interaction with animals; approximately 73% of
households with animals reported children interacting with
at least one animal on a regular basis. We also see no evi-
dence of a higher risk for colonization among children in
households with at least one (PR = 1.06; 95%CI: 0.68–1.66)
or multiple animal-related sub-exposures (PR = 1.07; 95%
CI: 0.78–1.47), relative to households with animals but no
sub-exposures.
However, when examining the sub-exposures individually,
we see a statistically significant increased risk of child carriage
among children who are reported to regularly interact with
animals (PR = 1.56; 95% CI: 1.00–2,42). Estimates also sug-
gest that parent-reported lack of handwashing after contact
with animals, which was reported by only 12% of households
with animals, has a strong inverse association with child in-
fection (PR = 0.11; 95% CI: 0.02–0.69). As described in more
detail in the Discussion, we believe this latter finding to be an
artifact of the low response rate for this question, rather than a
protective effect of poor hygiene. Other animal-related expo-
sures, including animals defecating in areas where the child
spends time (12% exposure prevalence) or reported con-
sumption of home-raised animal products (31% exposure
prevalence) showed no significant relationship.
Domestic animal exposures and self-reported child
diarrhea in the last seven days. Table 4 presents results
from bivariate and adjusted models examining the relation-
ship between the same animal-related exposures and
children’s diarrhea in the last 7 days, which was reported by
the child’s primary caretaker. The adjusted models control
for the three variables that were significantly associated
with diarrhea in bivariate analyses: the age of the child, the
presence of a family member working in food-animal pro-
duction, and neighborhood (see Supplemental Table 1). As is
the case with child carriage of a zoonotic enteropathogen,
we do not find animal ownership to be a statistically signifi-
cant risk factor for child diarrhea with 7-day recall (PR = 2.41;
95% CI: 0.64–9.07). Furthermore, we find no evidence that
animal-related sub-exposures were significantly associated
with reported diarrhea, although there was suggestive evi-
dence that a child regularly interactingwith domestic animals
might increase this risk (PR = 2.27; P = 0.078). Other sub-
exposures, such as consumption of household-raised ani-
mal products, animals defecating in areas where the child
spends time, and self-reported lack of handwashing with
animals did not show any evidence of being a risk factor for
reported diarrhea.
Other variables and child zoonotic enteric pathogen
carriage.Supplemental Tables 2 and 3present all regression
coefficients in the generalized linear models for child enteric
pathogen carriage and reported diarrhea, respectively. We
include these estimates for discussion purposes only as they
were included as controls and were not prespecified as a
priori exposures of interest. We find no statistically signifi-
cant relationship between the educational attainment of the
primary caretaker and child enteric pathogen carriage, al-
though the risk of carriage was consistently lower among
those with a pre-secondary education relative to only a pri-
mary education, and this relationship approached statistical
significance in 5 of 7 of the adjusted models (Supplemental
Table 2). Supplemental Table 3 shows a consistent and
statistically significant pattern of decreased prevalence of
diarrhea among older children (aged 1–5 years) relative to
infants. Most of the adjusted models (5 of 7) also suggest a
significant increased prevalence of diarrhea among children
who live in households with a family member who works in
food agriculture production, with PRs ranging from 2.43
(95% CI: 1.10–5.85) to 2.82 (95% CI: 1.14–7.00).
Interestingly, the neighborhood that the child lived in was
strongly associated with carriage of a zoonotic enteric
pathogen but not diarrhea prevalence. In contrast to chil-
dren in El Centro, the more urbanized reference community
where animal ownership was low, children in Oton de Velez
(2.35; 1.45–3.81) and Chinangachi (2.29; 1.45–3.63) had
significantly higher risks of being colonized by a zoonotic
enteric pathogen.
TABLE 3
Prevalence of domestic animal exposure and child enteric pathogen carriage
Animal-related exposure† Prevalence of exposure (%)‡ Unadjusted PR (95% CI) Adjusted PR§ (95% CI)
Main exposures
Any animals present in/around home 55.9 (171/306) 1.42* (1.04, 1.95) 0.93 (0.65, 1.32)
At least one sub-exposure 83.6 (143/171) 1.09 (0.66, 1.79) 1.06 (0.68, 1.66)
Multiple sub-exposures 38.6 (66/171) 1.27 (0.90, 1.80) 1.07 (0.78, 1.47)
Sub-exposures
Child regularly interacts with animals 73.1 (125/171) 1.52 (0.95, 2.46) 1.56* (1.00, 2.42)
No handwashing after contact with animals 11.8 (18/152) 0.12 (0.02, 0.82) 0.11* (0.02, 0.69)
Consumption of home-raised animal products 31.0 (53/171) 1.50* (1.07, 2.12) 1.14 (0.83, 1.58)
PR = prevalence ratio.
*P < 0.05.
** P < 0.01.
*** P < 0.001.
†Presence of animals in/around homewas asked of all respondents; follow-up questions on sub-exposures were asked only among respondents who reported having animals in or around their
home. Therefore, the reference group for the first main exposure (any animals present) is households with no animals, while the reference group for all other exposures is all other households with
animals.
‡Denominators exclude cases with missing values for child pathogen carriage only and do not reflect the size of the estimation sample in the adjusted model because of missing values in other
covariates.
§ Prevalence ratios and 95% CIs were estimated for each exposure as a separate independent variable, controlling for caretaker educational attainment and neighborhood (see Supplemental
Table 2 for all estimated coefficients).
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DISCUSSION
This study provides evidence that certain environmen-
tal exposures related to domestic animals may increase
children’s risk of carriage of a potentially zoonotic enteric
pathogen. We did not find a significant relationship between
the overall presence of animals in or around the home and
children’s risk of colonization of a zoonotic enteric pathogen,
yet we did find evidence that children’s regular interaction
with household animals is a significant risk factor (PR = 1.56;
95% CI: 1.00, 2.42). This is an important finding, given that
nearly three-quarters of households that had animals re-
ported this behavior—the most common of any sub-
exposure we examined. The finding that regular interaction
with animals may put children at a higher risk of exposure to
fecal contamination is consistent with several recent studies
examining zoonotic disease transmission in LMICs.11,45,46
Although the risk was elevated, we find that this exposure is
not significantly associated with self-reported child diarrhea
in the previous seven days (PR = 2.27; 95% CI: 0.91, 5.67),
suggesting that many children are asymptomatic carriers of
zoonotic enteric pathogens.
A unique contribution of this study is the ability to identify
child–animal pairs that tested positive for the same enteric
pathogen in the same household. In doing so, we found that
Giardia was the most common pathogen found in children
and at least one animal in the same household, and that this
occurred in 18 households. Furthermore, among these 18
child–animal pairs, half occurred between children and
dogs. Although we did not ask respondents in this study
about specific child–animal interactions, it is plausible that
children are likely to interact more regularly with dogs than
other types of animals. Previous qualitative findings from
one of the four neighborhoods in the present study (Oto´n de
Velez) supports this hypothesis.47 This observation, along
with the fact that dogs were the second most common
carriers of any enteric pathogen (the prevalence among
dogs was 45.5%) and the most commonly owned animal
overall (nearly half of all households reported owning dogs),
suggests that children’s interactions with dogs may be
driving this result.
Overall, our key findings from this study contribute to
mixed literature with respect to the risks associated with
household animal ownership. On the one hand, a number of
studies demonstrate significant associations between the
presence of animals in the home or surrounding areas and
the reported incidence or prevalence of diarrhea in humans.48–52
Specifically, chickens, pigs, dogs, and cats living in and around
the home have been shown to be associated with diarrheal
diseases in household members.53–55 A study of pediatric
campylobacteriosis found that household exposure to live
chickens was an important risk factor for diarrhea caused by
C. jejuni, and a cohort study of pediatric infections with Cam-
pylobacter spp. found that the incidence of campylobacteriosis
was associated with the presence of poultry inside the
home.54,55 In Thailand, researchers found non-typhoidal Sal-
monella in chickens, pigs, dairy cows, farm workers with live-
stock contact, and children with diarrhea.56 Our finding that
children regularly interacting with household animals–—a be-
havior that we define as conditional on the household owning
domestic animals—is associated with an increased prevalence
of diarrhea is consistent with these studies.
However, there is also evidence of null or even negative
associations between household animal exposures and re-
lated health outcomes.57,58 In a surprising finding in Nigeria,
Huttly and others59 found that households that allowed ani-
mals (typically chickens, goats, dogs, and/or cats) in thehouse
reported fewer cases of diarrhea. The authors stated, “the
protective effect of animals in the house against diarrhea is not
easily explained and may be due to confounding by other
factors.”
Molecular studies relating microbes in livestock and hu-
mans have also been mixed. A study in rural Uganda isolated
nonpathogenic E. coli from people and livestock in the same
communities and showed that the genetic lineages between
these isolates collected from domestic animals
and humans were “virtually indistinguishable.”60 The same
authors also found that nonpathogenic E. coli transmission
took place between humans, mountain gorillas, and livestock
in areas where there was a high level of habitat overlap.61
Other studies have found evidence for zoonotic disease
transmission betweendomestic animals to humans, including:
TABLE 4
Prevalence of domestic animal exposure and child self-reported diarrhea in last seven days
Animal-related exposure† Prevalence of exposure (%)‡ Unadjusted PR (95% CI) Adjusted PR§ (95% CI)
Main exposures
Any animals present in/around home 55.0 (186/338) 3.27** (1.37, 7.80) 2.41 (0.64, 9.07)
At least one sub-exposure 84.0 (158/186) 2.03 (0.50, 8.21) 1.79 (0.50, 6.35)
Multiple sub-exposures 38.3 (72/186) 2.27* (1.06, 4.84) 1.73 (0.81, 3.70)
Sub-exposures
Child regularly interacts with animals 72.9 (137/186) 1.40 (0.55, 3.55) 2.27 (0.91, 5.67)
Animals defecate in areas where child spends
time
12.2 (23/186) 0.64 (0.16, 2.57) 0.81 (0.24, 2.70)
No handwashing after contact with animals 12.0 (20/165) 2.13 (0.88, 5.16) 0.70 (0.19, 2.61)
Consumptionof home-raisedanimal products 31.4 (59/186) 2.21* (1.05, 4.62) 1.62 (0.77, 3.39)
PR = prevalence ratio.
*P < 0.05.
**P < 0.01.
*** P < 0.001.
†Presence of animals in/around homewas asked of all respondents; follow-up questions on sub-exposures were asked only among respondents who reported having animals in or around their
home.Therefore, the referencegroup for themainexposure (anyanimalspresent) is householdswithnoanimals,while the referencegroup for all other exposures is all other householdswith animals.
‡Denominators exclude caseswithmissing values for the self-reported diarrhea only and do not reflect the size of the estimation sample in the adjustedmodel because ofmissing values in other
covariates.
§ Prevalence ratios and 95%CIswere estimated for each exposure as a separate independent variable, controlling for child age, neighborhood, and presence of a familymemberworking in food-
animal production (see Supplemental Table 3 for all estimated coefficients).
1274 LOWENSTEIN AND OTHERS
non-typhoidal Salmonella spp.,62 Campylobacter spp.,63
STEC,64 Giardia,48 Cryptosporidium,65 and Y. enterocolitica.66
By contrast, a study of nonpathogenic E. coli strains isolated
from children with diarrhea and chickens living in close contact
found that the E. coli strains in the two groups were distinct. In
that study, the authors suggested that children were not sus-
ceptible to colonization with E. coli from chickens.67
Contrary to a case-control study in Kenya, we did not find
that reported handwashing of a child’s hands after contact
with domestic animals was protective.11 In fact, contrary to
our hypothesis, we found that children who reportedly did not
wash their hands after contact with animals were significantly
less likely to carry enteric pathogens. This seemingly contra-
dictory findingmay have to dowith known biases around self-
reported handwashing behavior and the fact that only 18 of
152 children living in households reported not washing their
hands after contact with animals (for comparison, nearly half
of children in the aforementioned study in Kenya did not wash
their hands after contact with animals). Given the low number
of children in this exposure category, these findings should be
interpreted with caution.
In our study, nearly all the child stool samples that were
found to be positive for a zoonotic enteric pathogen were
solid, suggesting that children were asymptomatic carriers.
Surprisingly, asymptomatic carriage of enteropathogens has
been found to be common.68 There are a number of reasons
why children can asymptomatically carry enteric pathogens,
including the possibility that symptoms have resided but
shedding continues.68 In addition, it could be that children
have already developed a mild yet strong enough immune
response, partly protecting them against infection. Studies
have found that when the quantity of a pathogen is consid-
ered, stronger positive associations between carriage of a
pathogen and symptoms exist.69,70 Our study did not quantify
the zoonotic pathogens found in the fecal samples, which
could have provided further insights.
This study has several limitations. First, the association be-
tween domestic animal ownership and zoonotic enteric patho-
gens was measured using a relatively crude primary measure of
exposure: whether or not a household reported having any do-
mestic animals. Studies have shown that the risk of enteric
pathogen carriage may increase with the number of animals
owned.11 While survey respondents in our study were asked to
approximate the number of each type of animal they owned,
many were unable to provide an estimate, limiting our ability to
construct ameasureof exposuredosagebasedon thenumberof
animals. Second, the limited number of children positive for a
zoonotic enteric pathogen or who had diarrhea in the last seven
days could have affected the ability to detect statistically signifi-
cant associations. Although we conducted a detailed household
survey to capture household characteristics and behaviors that
might confound the relationship between exposure to household
animals and our outcomes, residual confounding cannot be
completely ruled out. Furthermore, the consistent positive asso-
ciation between more rural neighborhoods and child enteric
pathogen carriage (see Supplemental Table 1) points to the im-
portant role of place-based exposures that we were unable to
disentangle at the individual level. It is worth mentioning that the
neighborhoods studied were not all visited in the same year,
which affects our ability to determine whether the differences in
outcomes were due to location-specific factors or potentially
significant temporal trends.
Although overall domestic animal ownership does not ap-
pear to significantly increase the risk of enteric pathogen
carriage or diarrhea among children, we found that a more
intense exposure, defined as a child regularly interacting with
animals, may put children at an increased risk of being colo-
nized with zoonotic enteropathogens. Specifically, our study
finds evidence that child interaction with domestic animals is
associated with an increased risk of carriage of zoonotic
enteropathogens, many of which appear to be asymptomatic.
We find little evidence that overall exposure to household
animals or other specific exposures such as animals defe-
cating in common areas or consumption of home-raised ani-
mal products elevates this risk. Future studies should focus
on unraveling this complex transmission system that in-
volves multiple pathogens coupled with multiple trans-
mission pathways. One important transmission pathway that
is not considered in this study but may be especially relevant
in this community is transmission through exposure to con-
taminated produce or other food products that are likely
irrigated with water contaminated with animal manure and
human wastewater. Qualitative findings from a previous
study in Oto´n de Velez identified crops as a primary source of
income for many families, much of which is fertilized using
animal manure. This direct application of animal feces and
wastewater, along with direct contact between crops and
animals, hasbeen identifiedas a key transmissionpathway in
previous studies.71,72
Based on this study, the community may be the scale in
which risk occurs, and other outcome variables such as en-
vironmental enteric dysfunction may better determine the role
of zoonotic enteric pathogens in the health of children, es-
pecially considering the number of subclinical cases that
could be still relevant to limiting child growth.73,74 The use of
advanced molecular methods, including a metagenomics
approach and/or whole genome sequence typing, coupled
with a prospective study design will be important to more fully
characterize the role of animals in causing zoonotic enteric
infections in children.
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Supplemental Table 1: Bivariate associations with child enteric pathogen carriage and child self-
reported diarrhea in past 7 days 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Positive for enteric 
pathogen (PR)  
(95% CI) 
Self-reported 
diarrhea (PR) 
 (95% CI) 
Sociodemographic characteristics    
Age of child (ref: 0-2 years)   
2-5 years 
0.94   
(0.69, 1.29) 
0.34**   
(0.17, 0.70) 
Sex of child (ref: male) 
0.90   
(0.67, 1.21) 
1.37   
(0.67, 2.80) 
Age of primary caretaker (ref: 18-35 years)   
36-55 years  
0.80 
(0.53, 1.20) 
0.55 
(0.20, 1.54) 
> 55 years  
0.87 
(0.42, 1.81) 
0.61 
(0.09, 4.25) 
Education of primary caretaker (ref: primary)   
Pre-secondary education 
0.76   
(0.56, 1.02) 
1.14   
(0.56, 2.30) 
Secondary or higher  
0.41*   
(0.19, 0.87) 
0.31   
(0.04, 2.34) 
Household wealth index (ref: first tercile)   
Second tercile 
0.96   
(0.68, 1.35) 
1.65   
(0.75, 3.62) 
Third tercile  
0.76   
(0.52, 1.11) 
0.88   
(0.35, 2.23) 
Household size (ref: small)   
Medium (4-6 people) 
1.08   
(0.76, 1.53) 
2.04 
(0.79, 5.25) 
Large ( > 7 people)  
1.16   
(0.68, 1.97) 
2.40   
(0.68, 8.43) 
Additional variables   
Works in food-animal production 
0.71   
(0.23, 1.53) 
3.18**   
(1.34, 7.52) 
Neighborhood (ref: El Centro, urban)   
Oton de Velez (semi-rural) 
2.44***   
(1.63, 3.63) 
4.54*** 
(1.97, 10.5) 
Chinangachi (semi-rural) 
2.29*** 
(1.52, 3.43) 
1.02 
(0.31, 3.37) 
San Vicente (semi-rural) 
1.11 
(0.61, 2.05) 
0.45 
(0.06, 3.53) 
El Tejar (semi-rural) 
0.85 
(0.42, 1.72) 
0.89 
(0.19, 4.14) 
Notes: table displays point estimates and 95% confidence intervals for the bivariate association 
between each outcome and potential confounding variable. * p <0.05, ** p<0.01, ***p<0.001 
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Supplemental Table 2: Domestic animal exposures and child enteric pathogen carriage, regression coefficients from adjusted models 
  Model 1 
PR (95% CI) 
Model 2 
PR (95% CI) 
Model 3 
PR (95% CI) 
Model 4 
PR (95% CI) 
Model 5 
PR (95% CI) 
Model 6 
PR (95% CI) 
Model 7 
PR (95% CI) 
Main exposures         
Any animals present in/around home  
0.99  
(0.69, 1.43)       
At least one sub-exposure  
1.06 
(0.68, 1.66)      
Multiple sub-exposures    
1.07 
(0.78, 1.47)     
Sub-exposures        
Child regularly interacts with animals    
1.56* 
(1.00, 2.42)    
Animals defecate in common areas     
1.11 
(0.69, 1.78)   
No handwashing after contact       
0.11* 
0.02, 0.69)   
Consumption of home-raised animal 
products       
1.14 
(0.83, 1.58) 
Caretaker education (ref: primary)        
Pre-secondary education 
0.83 
(0.62, 1.10) 
0.73 
(0.52, 1.07) 
0.73 
(0.52, 1.02) 
0.73 
(0.53, 1.02) 
0.73 
(0.52, 1.02) 
0.72 
(0.51, 1.01) 
0.73 
(0.52, 1.01) 
Secondary or higher  
0.56 
(0.26, 1.21) 
0.39 
(0.11, 1.36) 
0.39 
(0.11, 1.34) 
0.41 
(0.11, 1.50) 
0.38 
(0.11, 1.30) 
0.45 
(0.13, 1.51) 
0.39 
(0.11, 1.37) 
Wealth tertile (ref: first tertile)        
Second  
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
Third (most wealthy) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
0.56 
(0.26, 1.21) 
Neighborhood (ref: El Centro, urban)        
Oton de Velez (semi-rural) 
2.35*** 
(1.45, 3.81) 
1.72 
(0.92, 3.22) 
1.70 
(0.90, 3.21) 
1.83 
(1.00, 3.36) 
1.71 
(0.90, 3.22) 
2.13* 
(1.05, 4.32) 
1.66 
(0.88, 3.14) 
Chinangachi (semi-rural) 
2.29*** 
(1.45, 3.63) 
1.96* 
(1.04, 3.68) 
1.94* 
(1.02, 3.67) 
2.03* 
(1.09, 3.79) 
1.96* 
(1.04, 3.68) 
1.97 
(0.94, 4.11) 
1.88 
(0.98, 3.58) 
San Vicente (semi-rural) 
1.22 
(0.66, 2.27) 
0.43  
(0.13, 1.41) 
0.43 
(0.13, 1.42) 
0.45 
(0.14, 1.46) 
0.43 
(0.13, 1.42) 
0.39 
(0.09, 1.71) 
0.43 
(0.13, 1.41) 
El Tejar (semi-rural) 
0.86 
(0.42, 1.78) 
0.71 
(0.28, 1.81) 
0.71 
(0.28, 1.83) 
0.74 
(0.29, 1.89) 
0.70 
(0.27, 1.82) 
0.72 
(0.26, 1.96) 
0.71 
(0.28, 1.84) 
Observations 300 168 168 168 168 168 151 
Notes: Each column presents estimated coefficients for the regression of child pathogen carriage on each main- or sub-exposure variable individually, controlling for the 
educational attainment of the primary caretaker and neighborhood. * p <0.05, ** p<0.01, ***p<0.001 
 
 
Supplemental Table 3: Domestic animal exposures and child self-reported diarrhea, regression coefficients from adjusted models 
 
  Model 1 
PR (95% CI) 
Model 2 
PR (95% CI) 
Model 3 
PR (95% CI) 
Model 4 
PR (95% CI) 
Model 5 
PR (95% CI) 
Model 6 
PR (95% CI) 
Model 7 
PR (95% CI) 
Main exposures         
Any animals present in/around home  
2.41  
(0.64, 9.07)       
At least one sub-exposure  
1.79 
(0.50, 6.35)      
Multiple sub-exposures    
1.73 
(0.81, 3.70)     
Sub-exposures        
Child regularly interacts with animals    
2.27 
(0.91, 5.67)    
Animals defecate in common areas     
0.81 
(0.24, 2.70)   
No handwashing after contact       
0.70 
(0.19, 2.61)   
Consumption of home-raised animal 
products       
1.62 
(0.77, 3.39) 
Age of child (ref: 0-2 years)        
2-5 years 
0.38** 
(0.18, 0.79) 
0.38* 
(0.18, 0.80) 
0.36** 
(0.17, 0.74) 
0.32**   
(0.16, 0.66) 
0.40*   
(0.19, 0.85) 
0.34*   
(0.14, 0.83) 
0.37* 
(0.18, 0.79) 
Family member works in food-animal 
production 
1.95 
(0.88, 4.33) 
2.43* 
(1.01, 5.85) 
2.50* 
(1.05, 5.92) 
2.61* 
(1.09, 6.25) 
2.51* 
(1.02, 6.20) 
2.82* 
(1.14, 7.00) 
2.32 
(0.99, 5.41) 
Neighborhood (ref: El Centro, urban)        
Oton de Velez (semi-rural) 
2.07 
(0.57, 7.53) 
0.98 
(0.40, 2.41) 
0.85 
(0.33, 2.17) 
1.05 
(0.45, 2.46) 
1.01 
(0.41, 2.50) 
0.96 
(0.35, 2.62) 
0.91 
(0.36, 2.31) 
Chinangachi (semi-rural) 
0.81 
(0.19, 3.35) 
0.51 
(0.15, 5.72) 
0.45 
(0.13, 1.61) 
0.52 
(0.15, 1.73) 
0.50 
(0.15, 1.72) 
0.62 
(0.18, 2.20) 
0.44 
(0.13, 1.53) 
San Vicente (semi-rural) 
0.26 
(0.02, 2.85) 
0.00 
(0.00, 0.00) 
0.00 
(0.00, 0.00) 
0.00 
(0.00, 0.00) 
0.00 
(0.00, 0.00) 
00.00 
(0.00, 0.00) 
00.00 
(0.00, 0.00) 
El Tejar (semi-rural) 
0.62 
(0.09, 4.05) 
0.00 
(0.00, 0.00) 
0.00 
(0.00, 0.00) 
0.00 
(0.00, 0.00) 
0.00 
(0.00, 0.00) 
00.00 
(0.00, 0.00) 
00.00 
(0.00, 0.00) 
Observations 287 159 159 159 159 159 140 
Notes: Each column presents estimated coefficients for the regression of child self-reported diarrhea on each main- or sub-exposure variable individually, 
controlling for age of child, presence of family member in food-animal production, and neighborhood. * p <0.05, ** p<0.01, ***p<0.001 
